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ABSTRACT 

This study presents an innovative approach to eliminating the pharmaceutical pollutant 

diclofenac sodium (DFS) by combining nanofiltration membrane technology with an 

electrochemical oxidation process. The nanofiltration membrane was prepared by phase 

inversion, and modified with cetyltrimethylammonium chloride (CTAC) to improve 

surface properties and pore structure. The concentrate from the nanofiltration treatment 

has been utilized as the input feed for the electrochemical section, employing Ti/SnO2-α-

Fe2O3 electrodes. The PES/CTAC membrane exhibits a more uniform and stable pore 

structure, leading to increased permeability and antifouling properties. Additionally, the 

inclusion of CTAC through the surface adsorption mechanism improved the DFS rejection 

performance, achieving a maximum rejection rate of 65.2% for the membrane with a 

composition of 0.1 wt% CTAC. The obtained results show that the titanium electrode 

coated with SnO2 and α-Fe2O3 nanoparticles removed the DFS pollutant by 56%. In total, 

both membrane and electrochemical process removed 80.5% of the primary Diclofenac 

pollutant. According to the low energy consumption of this process (EEC=0.014144 

US$/m3) and other results, the combination of the PES/CTAC membrane and Ti/SnO2-α-

Fe2O3 electrode is an efficient method for diclofenac sodium pollutant removal. 
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1. Introduction 

The presence of emerging organic pollutants (EOPs) 

in wastewater, particularly in hospital wastewater, 

poses a significant threat to our environment. These 

pollutants are not removed by traditional wastewater 

treatment processes, and they can harm aquatic 

ecosystems [1]. EOPs consist of a variety of 

substances, including pharmaceuticals, persistent 

organic pollutants, endocrine-disrupting chemicals, 

and personal care products [2]. Diclofenac is a 

nonsteroidal anti-inflammatory drug (NSAID) that 

is excreted unchanged in the urine and has raised 

concerns about its potentially harmful effects. 

Studies have shown that diclofenac even at low 

concentrations can cause physiological 

disturbances, biochemical changes, and behavioral 

changes in aquatic organisms [3]. Polyether sulfone 

(PES) membranes are a type of polymeric 

membrane widely utilized in water and wastewater 

treatment applications because of their high 

hydrophilicity, chemical stability, mechanical 

strength, and relatively low cost, making them easy 

to fabricate [4]. However, PES membranes are 

susceptible to fouling, which can diminish their 

performance and lifespan [5]. There are several 

ways to overcome the limitations and disadvantages 

of using PES membranes in treating organic and 

pharmaceutical pollutants. These include membrane 

modification methods such as blending with other 

polymers [6], incorporating nanoparticles [7], 

surface coating [8], plasma treatment, and grafting 

[9]. Modifying PES membranes with surfactants can 

enhance their hydrophilicity, porosity, and 

antifouling properties [10]. Surfactants are 

molecules that have both hydrophilic and 

hydrophobic parts [11]. Cetyltrimethylammonium 

chloride (CTAC) is a cationic surfactant that is 

relatively inexpensive and easy to use [12]. It can 

interact with the PES polymer chains through both 

electrostatic and hydrophobic interactions, forming 

a layer on the surface of the membrane. This layer 

enhances the hydrophilicity, porosity, and 

antifouling properties of the PES membrane [13]. 

Another approach to enhancing the performance of 

modified membranes is by integrating them with 

electrochemical process. PES membranes can be 

combined with other membrane technologies or 

electrochemical oxidation process to enhance their 

removal efficiency for organic and pharmaceutical 

pollutants [14]. Electrochemical oxidation process 

removes pollutants by generating hydroxyl radicals 

(ºOH). The significant advantages of 

electrochemical technologies include their 

environmental compatibility, versatility, high 

efficiency, selectivity, low cost, ease of use due to 

minimal equipment requirements, and safety [15]. 

Hydroxyl radicals (ºOH) are highly reactive and can 

oxidize a wide range of organic pollutants [16]. 

Titanium was chosen to make the electrode due to 

its corrosion resistance, biocompatibility, 

mechanical strength, relatively low cost, and high 

electrocatalytic activity. However, due to the 

tendency of titanium to oxidize and form an oxide 

layer (TiO2) on the surface of titanium, its electrical 

conductivity decreases. To solve this issue, its 

catalytic performance can be improved by 

modifying its surface by applying a coating [17]. 

Electrophoretic deposition (EPD) is an effective 

method for coating electrodes to increase the ability 

of electro-catalytic oxidation and the stability of 

electrodes [18]. In EPD, charged particles in a 

suspension are deposited on the surface of an 

electrode by applying an electric field. The 

orientation of the electric field determines whether 

the particles are deposited on the anode or the 

cathode. The thickness and morphology of the 

deposited film can be controlled by adjusting the 

voltage, time, and composition of the suspension 

[19]. A variety of different materials can be used to 

coat electrodes for electrochemical oxidation 
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process, including noble metals, metal oxides, and 

carbon materials [18]. SnO2 and Fe2O3, metal oxides 

with high electrocatalytic activity, enhance titanium 

performance by improving removal efficiency, 

reducing fouling, and enhancing corrosion 

resistance. These coatings are non-toxic, 

biocompatible, and suitable for water and 

wastewater treatment [20]. To overcome the 

limitations of nanofiltration technology and 

electrochemical oxidation process in wastewater 

treatment, these two technologies can be combined. 

Combining these technologies can enhance the 

efficiency of the electrochemical method and bring 

the membrane concentrate to a safe level before 

environmental discharge. The high concentration of 

micropollutants in the concentrate provides suitable 

conditions for the effective operation of the 

electrochemical oxidation process [21]. Below are 

two examples of studies that have integrated 

membrane and electrochemical technologies for 

water treatment. Valentina Buscio et al. conducted a 

study on treating Yellow S-3R textile wastewater 

using a combination of nanofiltration membrane and 

electrochemical processes. The study found that the 

use of Nanofiltration membranes Hydracore10 and 

Hydracore50 resulted in up to 98% removal of 

synthetic dyeing effluents. Following the membrane 

filtration, an electrochemical process was used to 

treat the concentrate with a high dye concentration, 

resulting in a 70% reduction of pollutants from the 

nanofiltration concentrate[22]. Álvaro Soriano et al. 

developed a mathematical model to simulate the 

integrated NF-ELOX process. The results indicate 

that the integrated NF-ELOX process can 

significantly decrease the energy consumption for 

PFHxA removal compared to EO alone. The NF90 

membrane, which exhibited high rejection of 

PFHxA and ions, enabled a 59.2% reduction in 

energy consumption while achieving a 99% PFHxA 

removal ratio [23]. 

This study investigates the hybrid of nanofiltration 

membrane technology with an electrochemical 

oxidation process, specifically using Ti/SnO2-α-

Fe2O3 electrode, for removal of diclofenac sodium 

pharmaceutical pollutant. 

2. Experimental 

2.1. Materials and methods 

Polyether sulfone (Ultrason® PESU, BASF-

Germany) was procured from the esteemed 

BASF/Germany Company. Polyvinylpyrrolidone 

with a purity of 99% (PVP, 25,000 g/mol) and 

Dimethyl acetamide (DMAc) with a minimum 

purity of 98.0% were also added to the solution. 

Sodium sulfate (Na2SO4), Nickel (II) chloride 

(NiCl2), and Diclofenac sodium (DFS) was provided 

by Merck Millipore Corporation (Germany). Bovine 

serum albumin (BSA), a lyophilized powder with 

96% electrophoresis and a pH of 7 was purchased 

from Sigma Aldrich. The cationic surfactant 

Cetyltrimethylammonium chloride (CTAC), 

nanoparticles SnO2, and α-Fe2O3 (purity > 99%) 

were purchased from Neutrino Company, Iran. 

2.2 Preparation of Nanofiltration Membrane 

PES-NF membranes were fabricated using the phase 

inversion separation technique [24]. The casting 

solution was prepared using PES polymer (18% 

w/w), DMAc solvent, PVP polymer (0.5% w/w), 

CTAC surfactant (concentrations of 0.01%, 0.02%, 

and 0.1% w/w), and non-solvent [25]. The polymer 

solution was stirred for 3-4 hours at room 

temperature to ensure uniformity and homogeneity. 

The casting solution was then spread onto a flat glass 

plate using a hand-made film applicator and 

immersed in a coagulation bath of non-solvent to 

initiate the phase inversion process. The membrane 

was then immersed in distilled water and ethanol for 

24 hours to ensure complete phase inversion and 

then dried. The membrane thickness and pore 

diameter were measured to be approximately 150 

μm and 148 nm [26]. 
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2.3 NF membrane performance assessment 

experiments 

The surface morphology and properties of the bare 

PES and modified CTAC/PES membranes were 

investigated using various techniques, including 

Field Emission Scanning Electron Microscopy (FE-

SEM), Atomic Force Microscopy (AFM), and 

porosity measurements. The Guerout-Elford-Ferry 

equation was used to calculate the mean pore radius 

(rm) of the membrane based on porosity data. The 

permeability, antifouling properties, and 

performance of nanofiltration membranes were 

evaluated using a dead-end system. All filtration 

tests associated with the flux of purified water were 

evaluated at room temperature (25 °C) under various 

nitrogen gas pressures (1, 2, 3, and 4 bar). This was 

followed by a one-hour water flux test and a protein 

rejection test using a bovine serum albumin (BSA) 

solution. BSA concentration was determined using 

the UV-Vis spectrophotometric method at λmax of 

260 and 280 nm. To evaluate the efficiency of NF 

membranes in DFS removal, the solution container 

was emptied after the second stage of pure water 

filtration and filled with a diclofenac sodium 

solution of 10 ppm.  The concentration of DFS was 

measured at λmax of 271 nm. 

2.4 Electrochemical setup, electrode preparation, 

and performance experiment 

The Ti/SnO2-α-Fe2O3 electrode was fabricated 

according to the method described by 

(Abdoulyousefi et al., 2020). Additionally, the 

morphology of the electrode surface was analyzed 

using a Field Emission Scanning Electron 

Microscope (FE-SEM). Linear Sweep Voltammetry 

(LSV) was conducted to assess the oxygen evolution 

potential (OEP), Chronopotentiometry (CP) was 

utilized to evaluate the electrochemical stability of 

the anodes, and Cyclic Voltammetry (CV) was 

performed to determine whether the electrode was 

active or inactive, as reported by (Abdoulyousefi et 

al., 2020) [20]. 

The electrochemical oxidation process was carried 

out with a pharmaceutical concentrate of 

nanofiltration along with the electrolyte Na2SO4 

under an anodic current density of 0.1 A/cm2. The 

amount of DFS removal was observed by the 

absorption spectrum of the sample using a UV-Vis 

spectrophotometer, and the percentage of pollutant 

removal at different times was calculated using the 

following equation. 

𝑋 =
𝐴 − Aₒ

Aₒ
× 100 (1) 

In this equation, Aₒ is equal to initial absorption, and 

A is equal to absorption at a certain time. 

Also, to measure the economic efficiency of the 

electrochemical oxidation process, the Electrical 

Energy Consumption (EEC) was calculated. 

3. Results and discussion 

3.1. Characterization of prepared nanofiltration 

membrane 

This study investigates the use of CTAC as a 

hydrophilic additive in the casting solution for PES 

nanofiltration membranes. The addition of CTAC 

resulted in the formation of finger-like voids 

extending almost to the bottom of the membrane, 

and a decrease in the number of spongy pores. As 

the concentration of CTAC increased, wider and 

longer parallel columnar voids were observed, 

leading to an increase in porosity. The presence of 

hydrophilic additives, specifically CTAC, enhances 

the infiltration of the non-solvent (water) into the 

casting solution, expediting the rate of exchange 

between the solvent and non-solvent during 

membrane formation. This rapid exchange increases 

the precipitation rate, facilitating instantaneous 

demixing and enabling the production of highly 

porous membranes. 
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3.2. SEM analysis 

The SEM images in Fig. 1 depict the CTAC/PES 

membranes. The unmodified membrane exhibits an 

irregular skin layer with finger-like structures. This 

irregularity is due to the less organized PES 

molecules in the non-modified membrane compared 

to the CTAC-modified membranes. The presence of 

CTAC surfactant helps to organize the PES 

molecules, resulting in a more uniform membrane 

surface. All the modified membranes show more 

finger-like pores compared to the bare PES 

membrane, which increases the permeation rate of 

these modified membranes [27]. The largest pore 

size is observed in the PES/CTAC 0.1 wt% blended 

membrane, where the addition of CTAC surfactant 

creates a more hydrophilic environment, promoting 

the formation of larger pores [28]. 

 

Fig. 1. SEM images of cross-sections of a) Pure PES b) 

PES/CTAC 0.01 wt% c) PES/CTAC 0.02 wt% d) PES/CTAC 0.1 
wt% 

 

 

3.3. AFM test 

Fouling behavior in membranes is governed by the 

surface's degree of roughness, affecting the binding 

and unbinding of fouling agents. A smoother surface 

on the membrane demonstrates enhanced anti-

fouling properties. Fig. 2 displays the AFM images 

captured from both the pure membrane and the 

membranes modified with CTAC (5 μm × 5 μm). 

The AFM images illustrate that the addition of 

CTAC can modify the surface properties of the 

membrane. These images provide insight into the 

hydrophilic and hydrophobic characteristics of the 

sample surface, which are indicated by varying 

levels of elevation. The DME/SPM software 

(version 2.1.1.2) was used to compute various 

roughness parameters of the membrane surface, 

including roughness (Sa), root mean square of the Z 

data (Sq), and deviation between the maximum peak 

and minimum valley (Sz). The values of these 

parameters are compiled in Table 1. 

Table 1. Roughness parameters, overall porosity and mean pore 

radius of the surfactant blended PES membranes. 

M
em

b
ran

e 

Porosity 

(%) 

Mean pore 

radius 

(nm) 

Roughness 

parameters 

Sz 

(nm) 

Sq 

(nm) 

Sa 

(nm) 

M0 30.5±1.6 1.30±0.4 24 33 208 

M1 37.2±2.1 5.16±0.3 11 14 142 

M2 44.2±1.3 4.89±0.4 10 12 83 

M3 59.64±1.5 13.44±1.3 5 8 78 

An analysis of Table 1 and Fig. 2 reveals that the 

pure membrane exhibits a higher degree of 

roughness compared to the PES/CTAC membranes. 

Conversely, among the blended membranes, the 

PES/CTAC 0.1 wt% membrane has the smoothest 

surface. The integration of the CTAC surfactant 

with the membrane surface can reduce surface 

roughness and increase porosity. The Sa, Sq, and Sz 

values decrease with increasing CTAC surfactant 

content up to 0.1 wt% [29].  
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Fig. 2. Surface AFM images of a) Pure PES b) PES/CTAC 0.01 

wt% c) PES/CTAC 0.02 wt% d) PES/CTAC 0.1 wt% 

3.4. Antifouling behavior 

As filtration proceeds, particles, and solutes 

accumulate and penetrate the membrane surface, 

leading to fouling and a decrease in flux. To simulate 

fouling, BSA was used, and the relative permeate 

water flux before and after BSA filtration was 

compared to calculate the flux recovery ratio [30]. 

The antifouling performance of CTAC/PES blended 

membranes by testing their rejection of a 200 mg/L 

BSA feed solution. As shown in Fig. 3, all modified 

membranes had higher BSA rejection rates than 

unmodified PES membranes, and membranes 

containing 0.1 wt% PES/CTAC showed the highest 

BSA rejection (98.65%). This study confirmed that 

the addition of CTAC improved the antifouling and 

rejection of BSA [31]. 

 

Fig. 3. Rejection and flux of BSA solution through the NF 
membranes at 3 bar 

The effectiveness of the CTAC additive in 

enhancing the hydrophilicity and permeability of 

PES/CTAC membranes at varying CMC 

concentrations was demonstrated in Fig. 4. All 

PES/CTAC membranes had higher BSA and water 

fluxes compared to the unmodified PES membrane. 

The blended PES membranes containing 0.1 wt% 

CTAC had the highest reported fluxes of pure water 

permeation, which were assessed before and 

subsequent to BSA filtration [32]. 

 

Fig. 4. The temporal evolution of membrane flux across three 

distinct stages: initial pure water, filtration of BSA solution, and 
second pure water filtration stage after membrane washing at a 

pressure of 3 bar 

3.5. DFS removal by NF membrane 

The study employed a dead-end cell operating at a 

pressure of 4 bar and a pH of 7.1, with a 

concentration of 10 ppm of Diclofenac sodium, to 
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investigate the effect of CTAC additive on DFS 

rejection by PES nanofiltration membranes. The 

DFS rejection rate was 35.6% for the bare PES 

membrane and increased to 65.2% for a membrane 

with 0.1 wt% CTAC (Fig. 5). The inclusion of 

CTAC and PVP additives in the membrane solution 

augmented pharmaceutical retention in modified 

membranes due to the pore-forming characteristics 

of PVP and the hydrophilic properties of CTAC. 

Decreasing the membrane roughness increases the 

hydrophilicity and reduces the contact angle, 

causing significant changes in rejection up to 

65.17% [33]. The primary mechanism of separation 

in the constructed membranes is predominantly 

surface adsorption. The modified membranes 

exhibit increased hydrophilicity and decreased 

surface roughness due to the incorporation of 

CTAC. Surfaces like these are generally less 

conducive to the adsorption of hydrophobic 

molecules such as DFS. Notwithstanding, the 

interaction between the cationic heads of CTAC in 

the membrane surface and the anionic particles of 

DFS results in a surface adsorption effect. This 

phenomenon attracts and retains DFS molecules on 

the membrane surface, preventing DFS particles 

from passing through the membrane pores [34]. 

Fig. 5. DFS rejection rate of a) Pure PES b) PES/CTAC 0.01 wt% 

c) PES/CTAC 0.02 wt% d) PES/CTAC 0.1 wt% 

A comparison of the pure water flux results obtained 

in this study with the results of previous findings that 

use other modifiers is presented in Table 2. The Pure 

water flux of the nanofiltration membrane modified 

with CTAC surfactant in this study was higher than 

that of the membranes modified with surfactants in 

studies [35], [36], and [37]. Additionally, compared 

to modifiers in studies [38], [39], [40], [41], and [42] 

which did not use surfactants, the CTAC-modified 

membrane exhibited higher flux, indicating the 

efficacy of CTAC in improving the morphological 

characteristics of the nanofiltration membrane. 

Table 2. The effect of different surfactants on the rejection of 
polymeric membranes 

Modifier 

Pure water 

flux 

(L/m2 h) 

Ref. 

CTAC 461 This work 

Triton X-100 10 [35] 

Brij 58 68 [36] 

CTAB 67 [37] 

Eutectic solvent (L-M/CSA) 111 [38] 

Spirocyclic quaternary 

ammonium diamine 

monomer (SBI) 

33 [39] 

Methacrylic acid 41 [40] 

Polydopamine 9 [41] 

Chitosan 22 [42] 

3.7. DFS removal by electrochemical oxidation 

The DFS removal experiment was conducted using 

an undivided cylindrical glass container containing 

a pharmaceutical concentrate with a concentration 

of 6 ppm and using Na2SO4 salt as a supporting 

electrolyte. An anode made of Ti/SnO2-α-Fe2O3, in 

combination with a stainless-steel plate cathode, was 

used with a 1 cm distance between them. Voltage 

and current control were applied using the 

MEGATEK M 3005 power supply model and the 

VICTOR 86 D digital multimeter model, 

respectively. Samples of pharmaceutical pollutants 

were analyzed at 15-minute intervals to show 

changes in pharmaceutical concentration removal 

using a UV-Vis spectrophotometer by measuring 

DFS absorbance at λmax of 271 nm. The results 

showed that the Ti/SnO2-α-Fe2O3 electrode removed 

56% of DFS. 

In total, the combination of nanofiltration 

membranes with electrochemical oxidation process, 

considering the removal of 65.2% of the initial 
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concentration of 10 ppm of pollutant by NF and the 

56% efficiency of electrochemical oxidation process 

in removing the nanofiltration concentrate, removes 

80.5% of pollutant. 

3.8. Electrical Energy Consumption (EEC) 

When the electro-oxidation process is applied, the 

process must be technically and economically 

feasible, finding the best performance and most 

cost-effective design and operational options for the 

process, as the economic yield has a direct impact on 

the cost-effectiveness of the treatment method. 

Here, the Electrical Energy Consumption (EEC) 

refers to the amount of electrical energy required to 

treat 1 m3 of polluted water by reducing and 

removing the concentration of the soluble pollutant 

by at least 90% [43]. This value can be computed 

using the following equation: 

𝐸𝐸𝐶 =
𝑃 ∗ 𝑡 ∗ 𝑠

𝑉 ∗ 𝑋
 (2) 

where EEC is the Electrical Energy Consumption (in 

US$/m3), P is the consumed electrical power by the 

applied shaker (in kWh), t is the time of the process 

(in h), S is the industrial price of the electricity, V is 

the total volume of the treated solution (in m3; four 

solutions were placed on the shaker at a time), and 

X is the mineralization efficiency of the process. 

According to the recorded data, the amount 

P=V*I=3.9*0.01=0.000039 kW, t=3 h, s=0.0727 

US$/kWh in the year 2021, V= 0.00025 m3 and 

X=0.9 was chosen as the desired point for treatment. 

The EEC value was calculated as 0.014144 US$/m3.  

which according to the consumption of Ozone 0.1-

0.3 US$/m3 [44], UV 0.05-0.15 US$/m3 [45], and 

Fenton 0.05-0.2 US$/m3 [46], indicates the optimal 

use of electrochemical oxidation process in 

removing Diclofenac pollutant. 

4. Conclusion 

This research examines the hybrid of membrane 

technology and electrochemical oxidation process, 

by nanofiltration membrane CTAC-modified and 

Ti/SnO2-α-Fe2O3 electrode for the removal of 

diclofenac sodium pharmaceutical pollutant. The 

incorporation of CTAC resulted in a more uniform 

and durable pore structure in the PES/CTAC 

membrane, leading to enhanced permeability and 

resistance to fouling. Moreover, the addition of 

CTAC through the surface adsorption mechanism 

improved DFS rejection capabilities, with a 

rejection rate of 65.2% observed for the membrane 

containing 0.1 wt% CTAC. The Ti/SnO2-α-Fe2O3 

electrode had an electrical energy consumption 

(EEC) of 0.014144 US$/m3 for the removal of 56% 

of the diclofenac sodium pollutant, which required 

less energy consumption compared to other 

advanced oxidation processes. Overall, the hybrid 

approach of nanofiltration membrane with 

electrochemical oxidation process holds 

considerable potential for achieving a total pollutant 

removal rate of up to 80.5%. This combination not 

only enhances electrochemical activity but also 

plays an important role in reducing both energy 

demand and the environmental impact of DFS. 
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